Introduction
Contemporary ecologists have amassed substantial observational evidence of the prevalence of fire in forest vegetation. Nevertheless, only a few different approaches have been used to quantify the recurrence patterns of fires (Frissel 1973; Heinselman 1973; Houston 1973; Johnson and Rowe 1975) or to show the implication that this recurrence would have on the vegation composition (Loucks 1970; Horn 1976) . However, in intertidal communities, Dayton (1971) and Connell (1972) have explored thoroughly both of these points.
Followers of the traditional concept of succession have had a largely documentary orientation to the study of fires. Fires are viewed mainly as creators of bare areas on which secondary or autogenic succession can occur. Consequently, the occurrence of a fire is documented and the chronology of the vegetation recovery described. This viewpoint, however, does not clarify the importance of a quantitative testing of the recurrence of fires.
Tests to confirm the statistical recurrence of fire in a region are significant because if shown to be correct they indicate that the length of the interval between fires is as important in affecting the vegetation composition as the plant mortality and necrosis caused by the flames. A gradient of increasing fire frequency is an example of an 1.-K selection continuum (Pianka 1970 ) with the selection resource being different intervals of time between fires. At the r end of the continuum fires occur at relatively short intervals and at the K end of the continuum fires occur at relatively long intervals. The growth rates, life spans, and other life history traits of the species in the vegetation vary accordingly.
The objective of this paper is to present the results of a test of the Weibull distribution (Weibull 1951) in describing the statistical recurrence of fire in the western subarctic of Canada. This approach differs from those of Frissel(1973) and Heinselman (1973) in not requiring the mapping of past fires. Instead of a complete inventory of fires a sample is drawn from the area being studied to give an estimate of the fire frequency. This technique requires attention to the sampling design and the choice of the distribution used to describe the fire frequency. Inasmuch as quantitative models of fire frequency are a new area of ecological research my conclusions should be taken with some caution until they can be shown to be applicable in other studies. However, I feel that the explicit use of quantitative fire frequency models is essential for any penetrat-0008-4026/79/12 1374-06Wl .OO/O @I979 National Research Council of Canada/Conseil national d e recherches du Canada ing understanding of fire frequency. This is demon-is less than 3.6 the distribution is positively skewed, strated by how the Weibull distribution raises and if it is equal to I the distribution decreases questions to be examined. Models suggest pro-monotonically. grammes of research and this is their main value.
The mortality distribution can also be expressed as Fire Frequency Distribution d F(t)/d t = h(t)P(t) The simplest model of fire frequency is a Poisson distribution of fire occurrence (cf. Loucks 1970) where with parameterh, the average burning rate, i.e., the proportion of the area burned per unit time (t). The ~( t )
average burning rate is a random variable which is a function of time: is the site survivorship and
If fires occur randomly then the distribution of intervals between them has a negative exponential distribution wJose slope depends on the average burning rate h. Note that the burning rate can change with time as long as the time averaged h is applied as the parameter.
Of course, the assumption of random burning is generally ecologically unrealistic. Certainly climate, vegetation, landforms, etc., in the majority of cases mitigate against a random burning pattern. The Weibull distribution is used in place of the negative exponential because it replaces the single burning parameter with two parameters b and c to consider these mitigating effects. Also the Weibull distribution has a more ecologically realistic hazard of burning function (see below).
The Weibull frequency distribution describes the mortality (occurrence of a datable fire) of a population of sites in terms of a cumulative distribution
or as a density distribution It states that a population of sites, at risk of burning, will have a characteristic distribution of intervals between fires. The exact distribution is determined by the parameters cr, b , and c . The expected recurrence time of fire is dependent on the (scale) parameter b, dimensioned in years, and the intercept on the age axis is dependent on the lag parameter cr, also dimensioned in years. The shape of the mortality distribution is dependent on the parameter c , the variation around the expected recurrence (Fig. 1) . If it is 3.6 (cf. Johnson and Katz 1970) the distribution is approximately normal, if it c t -a '-'
is the hazard of burning. h(t) is a monotonic increasing function of time whose exact form is dependent on the three parameters. This function is important because of its implications in explaining the selecting influence of fire frequency on vegetation composition. Note that h(t)dt is the conditional probability of burning in the interval (t, t + dt).
Study Area
The data used to test the distribution were collected in an area east of Great Slave Lake, Northwest Territories (Table 1 ). The fire history for the past decade is well known for a 105 000-km2 block of this region (see Johnson and Rowe 1975) . Lightning is the most important source of ignition and accounts for over 99% of the area burned. The region is essentially uninhabited, except for one settlement of approximately 200 people (Snowdrift). There are no roads in the region.
The vegetation is mostly spruce-lichen woodland with an open tree canopy of Picecr mat.icrncr (Mill.) BSP, P . glcr~~ccr (Moench.) Voss, Pitzus The area is on precambl-ian bedrock covered with varying thicknesses of glacial till. The relief averages about 100 m and approximately 30% of the region is water. The annual precipitation is approximately 25 cm and the average January and July temperatures are approximately -26°C and 17"C, respectively (Atmospheric Environment Service, Fort Smith). The fire season lasts from late May when the snow disappears to the end of August.
Parameter Estimation and Goodness of Fit
Four regions were sampled in the study area (Table 1 ) using the following technique. Within each of four regions, upland samples of approximately 10 ha were located on a map grid using random numbers. The individual samples were then located using float-equipped aircraft to reach the nearest lake and thereafter by walking. The samples were positioned so as to be internally homogeneous with respect to fire history. All regions sampled had burned within the last 4 or 5 years, so that the age intervals would, for all samples, represent fire-to-fire events, i.e., the last fire interval of 4 or 5 years was excluded.
The intervals between fires at each site were determined from an investigation of fire scars and tree rings. This determination was done while on the site. Trees were cut with a chain saw to ascertain the dates of fires at a site. Fire scars give reasonably good estimates of time since fire, whereas tree ages (total rings at the base) are less dependable indicators of time since fire (Spurr 1954; Houston 1973) . The reason for the latter difficulty is that all regeneration does not occur immediately following a fire; there may be a patchy and sporadic establishment for some years after. In such cases, an investigation of the distribution of tree ages clarified the fire date. Because all the regions sampled were in recent burns large numbers of trees could be felled to determine fire intervals. In practice this meant approximately 6 trees per sample, but sometimes as high as 8 to 10.
The parameters of the Weibull distribution were estimated by the Maximum Likelihood Method (Harter and Moore 1965) and are given in Table 2 . The difference between the fitted distribution using the estimated parameters and the observed data was tested with the Kolmogorov-Smirnov statistic (Sokal and Rohlf 1969) . In all four cases, the difference between the fitted and observed distributions was less than that expected by chance at cc = 0.01.
Discussion
It is possible that the empirical data could be fitted equally well to other distributions besides the Weibull. Therefore, a satisfactory fit to the distribution can only provide part of its acceptability as a fire-frequency model. In this case, the ecological interpretations of the parameters a , O, and c and the function h are equally important.
The parameter O determines the fire recurrence interval which has the largest probability of occurrence in the sampled region. Parameter O must, therefore, be influenced by aspects of the environment that are related to fire ignition and spread which are regional in effect. Figure 2 shows the relationship of parameter O and the distance from tree line. Tree line is defined to be the region in which trees cease to appear on the uplands although they may still occur in the stream valleys. The distance between tree line and the sampled regions is measured perpendicularly to the meteorological gradients, i.e., in a southwestnortheasterly direction.
The increase in the fire recurrence interval towards tree line, shown in Fig. 2 , is reflected by a similar decrease in fire frequency and magnitude reported in actual fire records for the last decade as shown by Johnson and Rowe (1975) . This study of fire records showed that the number, size, and frequency of fires decreased towards tree line and that this pattern was related to the duration and penetration of the Pacific air mass. Tree line as shown by Bryson (1966) and his colleagues (Larsen 1965 (Larsen , 1971 Barry 1967; Mitchell 1973 ) marks the modal summer boundary of the penetration of Pacific air at the expense of Arctic air. In somewhat oversimplified terms, tree line is the boundary which separates an environment in which fire occurrence and spread are possible during varying parts of the summer from an environment which is not conducive to fire. Note the concept of air mass is a regional-level integration of meteorological and related parameters which have great aerial uniformity.
Parameter c describes the variation in the shape of the distribution around the expected fire recurrence. If the expected recurrence is the most often occurring interval between fires then the variation in shape around this value must be due to local differences which perturb the recurrence from this regional 'average. ' Logically, the burning of a population of sites is affected not only by shared regional affects such as the air mass climate but also by individual differences between sites such as terrain, vegetation, and topoclimate. These differences of sites are assumed to be related to the complexity and roughness of the landscape. That is smooth landscape should have more uniform topoclimate, substrate, and vegetation whereas rougher landscapes should have a greater variety (Hayes 1941; Byram and Jemison 1943; Geiger 1965) .
A method developed by Hobson (1967 Hobson ( , 1972 ) of measuring landscape roughness by vector dispersion is used here (see Appendix for more details). Figure 3 shows the vector dispersion values plotted against parameter c. The larger the vector dispersion the-more varied the landscape and vice versa. In smooth terrain the differences in the fire environment between sites in the population is due largely to chance, and the variation around the expected fire recurrence value is symmetrical in the mortality distribution. On the other hand, in rough terrain the differences in the fire environment between sites in the population is diverse, and the variation around the expected fire recurrence value is positively skewed in the mortality distribution. The skew, with some stands surviving fire to great age, is a result of the diverse terrain having a few sites which are extremely fire resistant. These extremely fire resistant sites are generally lacking in smooth terrain.
The lag before reburning, parameter cr, is different from the other two parameters in that it removes the population of sites from risk of burning during the time of its operation. The actual means of removing sites from risk for a lag period could be accomplished by an assortment of means most of which are related to vegetation growth, fuel accumulation, and local fire susceptibility. If the correlation of lag with parameter c, as seen in Table 2 , is supported in other studies, lags must be effected by the diversity of the local environment and not by the regional environment as one might be more tempted to assume.
Implications for Vegetation Composition
The monotonic function h(t) is a key part of the fire frequency model because it determines the hazard of burning or forces of site mortality (see Fire Frequency Distribution).
There are several distributions besides the Weibull which give similarly shaped distributions (e.g., gamma, lognormal, Pearsons type IV); however, they all have different hazard of burning functions. Since the use of fire frequency models is new it is premature to make a serious choice between possible distributions. However, the hazard of burning function will of necessity play an important role as it allows distinction between mortality distributions which 'goodness of fit' tests cannot distinguish. This later occurrence, I suspect, will prove to be not uncommon.
Different hazard functions suggest different fire frequency processes and consequently different implications for vegetation. I have argued in the fire frequency section of this paper that the Weibull distribution has a hazard function which appears to be more ecologically realistic because of its monotonic form. The hazard increases with time (excepting on1 y the exponential form, i.e. c = 1, for which it is constant) suggesting that the probability of burning increases with age. This is not an unreasonable belief in the light of my experience in the subarctic where no upland sites have been observed with ages greater than 350 years. I will now discuss in more detail the implications of the Weibull hazard function on vegetation composition in order to further stress the importance of hazard functions in fire frequency models. h(t) can be considered to be that environmental selection which determines the species composition of a region according to which are best adapted to the specific fire regime, i.e., setting of the parameters. For example, when the parameter c in h(t) is greater than 2 and the effects of the other two parameters are not considered, the hazard of burning h(t) increases exponentially with time. This should lead to a relatively I-selected assemblage of species because of the rapidly increasing chance of mortality as the sites age. rselected species have relatively shorter life expectancy and larger reproductive efforts. If parameter c is equal to 2, the hazard of burning h(t) increases linearly with time. The resulting assemblage of species should have life history traits which are relatively more K selected. K-selected species have relatively longer life expectancy and smaller reproductive effort. In the case in which parameter c is equal to 1, the hazard of burning h(t) is constant with time at an interval determined by the values of the parameters a and b. By an argument similar to above, if the regional recurrence (6) and lag before reburning ((1) are large the vegetation will be relatively more K selected and if the two parameters are small the vegetation will be relatively more I selected. Consequently, h(t)'s monotonic nature not only describes the pattern of the mortality forces of sites but also of the assemblage of longerlived species in the vegetation.
In the western subarctic, the vegetation near tree line should be relatively more K selected than vegetation further from tree line because of the increasing interval between fires. Indication of this changing fire selection regime might be seen in the behavior of two of the prominent trees: white spruce (Picerr glrr~~crr [Moench.] Voss) and jack pine (Pinus bnnksinnn Lamb.). White spruce is fire sensitive with no particular adaptation for reproduction after fire and is more shade tolerant than jack pine. Therefore, it usually is considered relatively more K selected than jack pine. The increase in abundance of white spruce towards tree line (e.g., Raup 1933) thus may be attributed in part to decreasing frequency of fire. On the other hand, jack pine, a more fire-resistant tree usually with serotinous cones, terminates its northern range well before white spruce. Furthermore, the openconed genotype of jack pine increases at the expense of the closed-coned genotype near its range termination (E. A. Johnson, personal observations). Therefore, jack pine would appear to be not only relatively more I selected but with natural selection adjusting one of its life history traits to a more K-selecting environment.
Conclusion
In review it is important to again stress the hierarchial nature of the Weibull parameters. The expected fire recurrence (scale) parameter b seems related to the regional climate, landforms, and vegetation and thus is related to the regional frequency of fire. This regional effect, in turn, sets the bounds in which the variation of the expected fire recurrence (shape) parameter c operates. This parameter reflects the modification of the regional situation due to the local environment (e.g., slope, aspect, elevation, vegetation, substrate, etc.). The lag parameter n , like the parameter c , is related to a number of determinants of burning and suggests a threshold effect at low susceptibility.
Although we grant that the Weibull distribution can be fitted to the data from each region independently, there is presently no method for estimating the parameters of the distributions from other variables (i.e., distance from tree line, etc.) and thus no totally independent verification of the model. However, despite this limitation the model seems to be useful as a workitlg h.ypothesis in increasing our understanding of fire frequency and its effect on vegetation composition. With respect to this latter point, it will be interesting to see the relationship between the hazard of burning function h(t) and life table parameters in trees.
